Oxytocin is released from neurons in the paraventricular hypothalamic nucleus (PVN) in mothers upon suckling and during adult social interactions. However, neuronal pathways that activate oxytocin neurons in social contexts are not yet established. Neurons in the posterior intralaminar complex of the thalamus (PIL), which contain tuberoinfundibular peptide 39 (TIP39) and are activated by pup exposure in lactating mothers, provide a candidate projection. Innervation of oxytocin neurons by TIP39 neurons was examined by double labeling in combination with electron microscopy and retrograde tract-tracing. Potential classic neurotransmitters in TIP39 neurons were investigated by in situ hybridization histochemistry. Neurons activated after encounter with a familiar conspecific female in a familiar environment were mapped with the c-Fos technique. PVN and the supraoptic nucleus oxytocin neurons were closely apposed by an average of 2.0 and 0.4 TIP39 terminals, respectively. Asymmetric (presumed excitatory) synapses were found between TIP39 terminals and cell bodies of oxytocin neurons. In lactating rats, PIL TIP39 neurons were retrogradely labeled from the PVN. TIP39 neurons expressed vesicular glutamate transporter 2 but not glutamic acid decarboxylase 67. PIL contained a markedly increased number of c-Fos-positive neurons in response to social encounter with a familiar conspecific female. Furthermore, the PIL received ascending input from the spinal cord and the inferior colliculus. Thus, TIP39 neurons in the PIL may receive sensory input in response to social interactions and project to the PVN to innervate and excite oxytocin neurons, suggesting that the PIL-PVN projection contributes to the activation of oxytocin neurons in social contexts. (Endocrinology 158: 335-348, 2017) O xytocin, as a reproductive hormone of hypothalamic origin, is secreted from the neurohypophysis to evoke uterus contraction and milk ejection in females during parturition and lactation, respectively (1). Oxytocin release within the central nervous system has recently gained major attention as a neuromodulator involved in promoting maternal behaviors (2-4) and social behaviors during nonlactating periods (5, 6). The targets of oxytocin neurons are often limbic areas involved in the social brain network (7, 8) . Despite growing 
O xytocin, as a reproductive hormone of hypothalamic origin, is secreted from the neurohypophysis to evoke uterus contraction and milk ejection in females during parturition and lactation, respectively (1) . Oxytocin release within the central nervous system has recently gained major attention as a neuromodulator involved in promoting maternal behaviors (2) (3) (4) and social behaviors during nonlactating periods (5, 6) . The targets of oxytocin neurons are often limbic areas involved in the social brain network (7, 8) . Despite growing knowledge of the effects of oxytocin on social interactions (5, 6, 9) and the potential use of the oxytocin system as a drug target [e.g., in autism and eating and addictive disorders (10) (11) (12) ], surprisingly little information is available on the neuronal inputs leading to the activation of oxytocin neurons (13, 14) . A combination of retrograde labeling and the c-Fos technique identified inputs from the A1 and A2 noradrenergic cell groups in the lower brainstem as being important in conveying nociceptive and visceral information to the paraventricular hypothalamic nucleus (PVN) (15, 16) . These inputs have also been suggested to mediate the effects of reproductive functions (parturition, lactation) on oxytocin neurons (17) . Studies using electrophysiologic and lesion techniques identified the mesencephalic lateral tegmentum and, more rostrally, the ventroposterior thalamic-peripeduncular area as parts of the milk ejection reflex arc (18) (19) (20) . However, the relay neurons in the milk ejection reflex pathway need to be elucidated. Furthermore, it has not been established how information on social interactions, which can also evoke oxytocin release (21) , reaches the oxytocin neurons (13) .
A group of neurons in the posterior intralaminar complex of the thalamus (PIL), an area ventromedial to the medial geniculate body, is activated by suckling in lactating female rats (22) . The neuropeptide tuberoinfundibular peptide of 39 residues (TIP39) is markedly induced in these neurons immediately after parturition, and in adults TIP39 is highly expressed in this brain region only during the postpartum period (23) . TIP39 is the endogenous ligand for the parathyroid hormone 2 receptor (24, 25) . TIP39-containing nerve fibers and terminals are abundant in the PVN, where there is a closely matching distribution of the parathyroid hormone 2 receptor (26) . Therefore, we hypothesized that TIP39 neurons may be part of an ascending neuronal pathway that innervates and excites oxytocin neurons. To evaluate this hypothesis, we have taken a variety of different approaches for addressing the relationship between TIP39-containing neurons and oxytocin neurons. Retrograde tracing identified neurons in the PIL, many of which contain TIP39, as a major source of projections to the PVN. Furthermore, electron microscopy showed that TIP39 terminals innervate oxytocin neurons. The classic neurotransmitters expressed in TIP39 neurons were also investigated by using a combination of TIP39 immunohistochemistry and in situ hybridization histochemistry for vesicular glutamate transporter 2 (VGlut2), a marker of glutamatergic neurons, and glutamic acid decarboxylase 67 (GAD67), a marker of g-aminobutyric acidergic neurons. Because calcium-binding proteins, including calbindin (CB) and parvalbumin (PV), are suitable for defining nuclei and specific cell types within them in the brain (27) , including the PIL area, (28) (29) (30) , we also examined the expression of calcium-binding proteins by PIL TIP39 neurons and in surrounding brain regions so that they could be identified in nonlactating animals when TIP39 is not detectable in the PIL (31) . The CB content of these cells helped to determine their activation after encounter of familiar adult females and also in adult-infant interactions. Finally, we injected retrograde tracer into the PIL to reveal the sources of information that activate these neurons during social interactions.
Materials and Methods

Animals
This study was approved by the Animal Examination Ethical Council of the Animal Protection Advisory Board, Semmelweis University, Budapest, Hungary. Procedures involving rats were carried out in accordance with the Hungarian Ministry of Agriculture's Animal Hygiene and Food Control Department guidelines for experimental protocols and with European Union Directive 2010/63/EU for animal experiments. A total of 55 adult female rats (Wistar; Charles Rivers Laboratories, Budapest, Hungary) were used. All of the animals were 90 to 120 days old when euthanized. Animals were kept under standard laboratory conditions with 12-hour light/12-hour dark periods and were supplied with food (VRF1 laboratory chow for rodents, Charles Rivers Laboratories) and drinking water ad libitum. Mother rats were housed individually. The number of pups was adjusted to 8 within 2 days of delivery. Rats were anesthetized with 0.2 mL/300 g body weight ketamine (100 mg/mL) and 0.2 mL/300 g body weight xylazine (20 mg/mL).
Tissue collection for light microscopy
Rats were deeply anesthetized and perfused transcardially with 4% paraformaldehyde. Nervous tissue was then transferred to 20% sucrose for 2 days. Serial coronal sections were cut at 50 mm from both the brain and the spinal cord (the latter only for the study aiming the inputs of the PIL) on a sliding microtome (Frigomobil SM 2000 R, Leica Microsystems, Wetzlar, Germany) and collected in phosphate buffer (PB)-containing 0.05% sodium-azide and stored at 4°C. The spinal cord was cut into pieces containing 1 segment before sectioning. The segments were attached to the block by using specimen matrix for cryostat sectioning (Tissue-Tek; Sakura Finetek Europe, Leiden, the Netherlands). The matrix also surrounded spinal cord tissue to provide mechanical stability for sectioning. Sections from different spinal cord segments were collected in different wells of 24-well plates.
Fluorescent double labeling of TIP39 and oxytocin, CB, or PV Every fourth free-floating brain section was immunolabeled for TIP39. The antiserum (1:3000; Research Resource Identifier AB Registry ID [RRID]: AB_2315466) was applied for 48 hours, followed by incubation of the sections in biotinylated donkey anti-rabbit secondary antibody (1:1000 dilution; Jackson ImmunoResearch, West Grove, PA) and then in avidinbiotin-peroxidase complex (ABC; 1:500; Vector Laboratories, Burlingame, CA) for 2 hours (Table 1) 
Microscopy, image processing, and histologic analysis
Sections were examined by using an Olympus BX60 light microscope equipped with fluorescent epi-illumination (Olympus Corp., Tokyo, Japan). Images were captured at 2048 3 2048 pixel resolution with a SPOT Xplorer digital CCD camera (Diagnostic Instruments, Sterling Heights, MI) using 4-403 objectives. Confocal images were acquired with a Zeiss LSM 780 Confocal Microscope System (Carl Zeiss, Thornwood, NY) using 40-633 objectives at an optical thickness of 1 mm for counting varicosities and of 3 mm for cell bodies.
Close appositions were defined as TIP39 varicosities in immediate contact with oxytocin-immunoreactive cells. The numbers of close appositions were counted on individual optical sections. Subsequently, they were checked by maximal-intensity projections to avoid counting them more than once. A total of 30 paraventricular magnocellular, 30 paraventricular parvocellular, and 30 supraoptic oxytocin neurons were evaluated from 3 animals. The section containing the most TIP39-immunoreactive (TIP39-ir) neurons in the PIL was selected from each animal double-labeled for TIP39 and CB or PV. The total number of TIP39-ir neurons with an identifiable cell nucleus and the number of double-labeled cells was counted. Subsequently, the number of single-labeled CB and PV cells was also calculated in the area.
For demonstration purposes, contrast and sharpness of the images were adjusted by using the "levels" and "sharpness" commands in Adobe Photoshop CS 8.0 (Adobe Systems Inc., San Jose, CA). The final versions of images were adjusted to 300 dpi resolution.
Correlated light and electron microscopy for the double labeling of TIP39 and Oxytocin
Unless otherwise stated, all reagents and materials used for electron microscopy (EM) studies were obtained from SigmaAldrich. Experimental procedures for EM were carried out at room temperature.
Pre-embedding EM immunohistochemistry
Three rats were deeply anesthetized and perfused through the heart with saline, followed by 500 mL of fixative made up of 4% formaldehyde (Merck, Whitehouse Station, NJ), 0.05% glutaraldehyde, and 0.2% picric acid in PB. Sections 50 mm thick were cut with a vibratome, washed in Tris-buffered saline (TBS) (0.05 M; pH, 7.6), cryoprotected in 30% sucrose in TBS overnight, and freeze-thawed over liquid nitrogen 3 times. After washes and treatment with 1% hydrogen peroxide, the sections were processed for immunostaining using the following protocol: quenching in 50 mM ammonium chloride and 50 mM glycine in TBS for 30 minutes; 2% bovine serum albumin for 1 hour; anti-TIP39 antiserum (1:3000) diluted in 0.5% bovine serum albumin-TBS for 48 hours; biotin-conjugated goat antirabbit secondary antibody (1:500; Vector Laboratories) for 1 hour; and ABC at 1:500 (Vector Laboratories) for 1 hour. The immunoperoxidase reaction was developed with nickelintensified 3,3-diaminobenzidine (DAB). Sections were then processed for a second immunostaining. The same protocol was 
Electron microscopic image acquisition and processing
Electron micrographs were taken by a side-mounted Morada CCD camera (Olympus Soft Imaging Solutions) connected to a JEOL 1011 (Peabody, MA) or with an UltraScan 1000 chargecoupled device camera (Gatan, Pleasanton, CA) fitted to a CM100 electron microscope (Philips, Amsterdam, the Netherlands). Brightness and contrast were adjusted in the whole digital images of immunogold labeling by using Adobe Photoshop CS2.
Tracer experiments
Cholera toxin b subunit injections
Retrograde tracer experiments were performed and analyzed as detailed elsewhere (33, 34) . Briefly, the retrograde tracer cholera toxin b subunit (CTB; List Biological Laboratories, Campbell, CA) was targeted to the PVN (n = 10) and to the PIL (n = 15) in lactating mother rats at postpartum day 4. For stereotaxic injections, rats were positioned in a stereotaxic apparatus. Holes of about 2 mm in diameter were drilled into the skull above the target coordinates. Glass micropipettes of 15 to 20-mm internal diameter were filled with 0.25% CTB dissolved in PB and lowered to the following stereotaxic coordinates (35): anteroposterior (AP), -1.7 mm; lateral (L), 0.4 mm; ventral (V), 7.4 mm for the PVN; and AP, -5.2 mm; L, 2.6 mm; and V, 6.4 mm for the PIL. CTB was applied by iontophoresis using a constant current source (51413 Precision Current Source; Stoelting, Wood Dale, IL) that delivered a current of +6 mA, which pulsed for 7 seconds on and 7 seconds off for 15 minutes. Then the pipette was left in place for 10 minutes without current and was withdrawn under negative current. After injections, the animals were allowed to survive for 7 days.
Visualization of CTB
Sections were pretreated in PB-containing 0.5% Triton X-100 and 3% bovine serum albumin for 1 hour. Sections were then incubated in goat anti-CTB antiserum (1:10,000; #703, List Biological Laboratories; RRID: AB_2314252) overnight. Then, sections were incubated in donkey Alexa Fluor 594 anti-goat secondary antibody (Thermo Fisher Scientific) for 2 hours.
Double immunolabeling of CTB and TIP39 or CB
Every fourth free-floating section was first stained for TIP39 by using FITC-tyramide amplification fluorescent immunocytochemistry, as described earlier. Sections were then incubated overnight in goat anti-CTB or mouse anti-CB antisera, followed by Alexa594 anti-goat or anti-mouse IgG for 1 hour.
Double labeling of VGlut2 and GAD67 messenger RNA with TIP39
Preparation of probes for VGlut2 and GAD67
Probe preparation and in situ hybridization was performed as described previously (26, 36) . A 279-base pair-long region of the rat VGlut2 (National Center for Biotechnology Information Reference Sequence: NM_053427.1) and a 354-base pair-long region of the GAD67 (National Center for Biotechnology Information Reference Sequence: NM_017007.1) Complementary DNA sequences were polymerase chain reaction amplified by using the following primers: ATGCCCCTAGCTGG-TATCCT and CCTGCAGAAGTTTGCAACAA for VGlut2 and GTGCAGGCTACCTCTTCCAG and ACTCCATCAT-CAGGGCTTTG for GAD67. The polymerase chain reaction products were subcloned into a TOPO TA vector (Thermo Fisher Scientific) containing a T7 RNA polymerase recognition site. The T7 promoter was used to generate [ 
Combination of in situ hybridization and immunohistochemistry
Brains of 3 lactating mother rats on day 11 postpartum were dissected and frozen. Then, serial coronal sections (12 mm) were cut, mounted immediately, dried, and stored at 280°C until use. Tissue was prepared by using an mRNAlocator Kit (Ambion), according to the manufacturer's instructions. For hybridization, we used 80 mL hybridization buffer and 1 million decay per minute of labeled probe per slide. Washing procedures included a 30-minute incubation in RNase A followed by decreasing concentrations of sodiumcitrate buffer (pH, 7.4) at room temperature and then at 65°C. Subsequently, the slides were immunolabeled for TIP39 by using the peroxidase technique. The rabbit anti-TIP39 antiserum described previously was applied at 1:1000 dilution for 24 hours in a humidified chamber and stained as described earlier. Then, slides were dipped in nuclear track beta nuclear track emulsion (Eastman Kodak, Rochester, NY); stored for 3 weeks at 4°C for autoradiography, developed and fixed with Kodak Dektol developer and Kodak fixer, respectively; and coverslipped.
c-Fos activation study
Social interaction experiment
Female rat littermates (n = 8) grown up together (housed 2 per cage) were used in the study. The 2 rats were separated for 22 hours to reduce basal c-Fos activation. Then, the 2 rats were reunited again in the cage they had cohabited. Control females continued to be kept separately. All animals were euthanized 24 hours after the beginning of separation (i.e., 2 hours after reunion of the socially interacting group). Animals were then processed for c-Fos and CB immunohistochemistry.
Pup exposure of mother rats
Rat dams (n = 8) were deprived of pups on postpartum day 8 to 9 at 11:00. The following day at 09:00, pups were returned to the cage of 4 mother rats. All mothers accepted the pups and suckling started within 5 minutes. Control dams were not united with their litters. All animals were euthanized 24 hours after removal of the pups (i.e., 2 hours after the pups were returned to the mothers).
c-Fos immunohistochemistry
Every fourth free-floating section of the 4 brains per group was immunolabeled as described above for CTB with immunoperoxidase labeling with nickel-intensified DAB except that a rabbit anti-c-Fos primary antiserum (1:20,000; c-Fos [4] sc-52; Santa Cruz Biotechnology, Santa Cruz, CA; RRID: AB_2106783) was used.
Double immunolabeling of c-Fos and CB
One set of every fourth free-floating section from the 8 female rats used for single labeling of c-Fos was double immunolabeled for c-Fos and CB. Then, sections were placed in rabbit antic-Fos primary antiserum (1:20,000) for 24 hours, followed by incubation of the sections in biotinylated donkey anti-rabbit secondary antibody (1:1000; Jackson ImmunoResearch) and then in ABC (1:500; Vector Laboratories) for 1 hours.
Subsequently, sections were visualized with FITC-tyramide. Then, the mouse anti-CB D-28k antiserum and donkey Alexa Fluor 594 anti-mouse secondary antibody (Thermo Fisher Scientific) were applied.
Analysis of c-Fos and CB immunolabeling
The section containing the most c-Fosimmunoreactive (c-Fos-ir) neurons in the PIL was selected from each of the 8 animals, and a picture was taken of it. The total number of c-Fos-ir neurons in the PIL of these images was counted by using ImageJ software, version 1.47 (National Institutes of Health, Bethesda, MD). An algorithm, based on intensity, size, and circularity thresholding, was used for all images to select the c-Fos-ir nuclei, whose number was counted automatically by the program. Specifically, color images (2048 3 2048 pixels) containing the entire PIL were photographed such that no saturated pixels were present. Subsequently, the color images were first converted to 8-bit blackand-white images using ImageJ version 1.47. Then, spots were selected whose brightness intensity value was ,150 (between 0 and 150 on the 0-to-255 scale). The number of c-Fos-containing cells was defined as the number of selected spots counted in a size ranging from 20 to 100 pixels, and a circularity factor between 0.5 and 1.0. Statistical analyses were performed by using Prism 5 for Windows (GraphPad Software, La Jolla, CA). The number of c-Fos-ir neurons in the 2 groups was compared by using the Student t test.
For the analysis of double labeling of c-Fos and CB, confocal images were obtained. Randomly selected 30 c-Fos-positive neurons were used in the analysis. c-Fos-positive neurons were considered double-labeled if CB immunoreactivity was visible around the c-Fos-positive nucleus in a single 3-mm-thick optical plane.
Results
Innervation of oxytocin neurons by TIP39-ir axon terminals
Within the anterior hypothalamus, the PVN and supraoptic nucleus receive a dense innervation by TIP39-containing fibers. In both nuclei, the distribution of TIP39 fibers overlapped with the distribution of oxytocin neurons [ Fig. 1(A) ]. We also found that most oxytocin neurons were closely apposed by TIP39-containing varicosities [ Fig. 1(B) ]. The average (standard error of the mean) number of close appositions on the soma and proxymal dendrites of oxytocin neurons was 2.28 6 0.38 on parvocellular paraventricular, 1.90 6 0.39 on magnocellular paraventricular, and 0.42 6 0.20 on supraoptic press.endocrine.org/journal/endooxytocin neurons. Correlated light microscopy and EM proved that TIP39-positive thalamic axons innervate oxytocin neurons in the PVN [ Fig. 1(C) ]. These synapses were all conventional asymmetrical (putative glutamatergic) connections.
Retrograde labeling in PIL following tracer injections into PVN To identify the source of its TIP39 innervation, we injected the retrograde tracer CTB into the PVN. There were 4 injections with a large overlap between the area of tracer deposition and the territory occupied by TIP39 fibers within the PVN of animals 3, 5, 8, and 9 in Figure 2 . The pattern of retrogradely labeled cells was similar for these injections, including several CTB-ir neurons in the ipsilateral medial amygdaloid nucleus, the lateral septum, the bed nucleus of the stria terminalis, several hypothalamic regions, and the lateral parabrachial nucleus ( Table 2 ). In addition, all these injections resulted in many labeled neurons in the PIL. A predominantly ipsilateral labeling of cells was distributed uniformly throughout the PIL, but there were no labeled cells in adjacent brain regions [ Fig. 2(C) ]. Double labeling showed that 45% of the CTBlabeled neurons in the PIL contained TIP39 immunoreactivity. In addition, essentially all PVN-projecting PIL neurons contained CB [ Fig. 2(D) ]. Animals 4, 6, and 10, whose injection site only partially overlapped with the PVN, contained few CTB-immunoreactive cells in the PIL, whereas CTB-labeled cells were not present in the PIL in animals 1, 2, and 7; this finding correlated with the fact their injection site missed the PVN.
Chemoarchitecture in thalamic PIL
VGlut2 messenger RNA (mRNA) was present in many parts of the posterior thalamus and rostral midbrain, including the PIL and adjacent structures [ Fig. 3(A) ]. VGlut2 mRNA appeared evenly distributed within the PIL. Double labeling with TIP39 immunoractivity indicated that essentially all TIP39-ir neurons expressed VGlut2 [ Fig. 3(B) ]. VGlut2-expessing neurons that did not contain TIP39 immunoreactivity were also abundant. The distribution of GAD67-expressing neurons was distinct from that of VGlut2. For instance, GAD67 was not expressed in the medial geniculate body. GAD67 mRNA was present in all parts of the PIL, and some adjacent structures, including the anterior pretectal nucleus, and substantia nigra [ Fig. 3(C) ]. Double labeling of GAD67 mRNA and TIP39 immunohistochemistry indicated that TIP39 neurons do not express GAD67 [ Fig. 3(D) ].
We investigated the distribution of calcium-binding proteins in and around the PIL to improve the demarcation of the area. Ventral, medial, dorsomedial, and dorsolateral borders of the PIL can be identified by PVimmunoreactive cell bodies in adjacent structures [ Fig. 4(A) ]. In contrast, the lateral and dorsal borders of the PIL made up the peripeduncular area and the triangular subdivision of the posterior thalamic nucleus cannot be differentiated by using PV immunohistochemistry because they contain few PV-immunoreactive cell bodies and fibers, as does the PIL [ Fig. 4(A) ]. TIP39-ir neurons, evenly distributed within the PIL [ Fig. 4(B) ], differentiate it from the peripeduncular area and the triangular subdivision of the posterior thalamic nucleus, which do not contain TIP39-ir cell bodies.
The distribution of CB immunoreactivity is in sharp contrast to that of PV immunoreactivity in and around the PIL. The PIL contains a high density of CB-immunoreactive (CB-ir) cell bodies. Other brain regions adjacent to the PIL contain only few CB-ir cell bodies [ Fig. 4(C) ]. Within the PIL, both TIP-and CB-ir cell bodies are evenly distributed [ Fig. 4(D) ]. Furthermore, almost all TIP39-ir neurons contain CB immunoreactivity. CB-positive but TIP39-negative neurons are also present in the PIL [Fig. 4(D) ] and outnumber TIP39 neurons by a factor of 2.
Assessment of c-Fos activation in PIL of socially interacting females
Female littermates housed together were separated for 22 hours to reduce basal c-Fos activity. When females were reunited for 2 hours after the 22-hour separation, they engaged in social interactions, including a combined 1 minute of sniffing and 5 minutes of grooming. For about a combined 1 hour, the animals had direct body contact by lying next to each other; during that time, they were seemingly sleeping for about 20 minutes. The rest of the time, they were not in contact while lying, eating, drinking, and grooming on their own. These behaviors were associated with a significantly elevated number of c-Fos-ir neurons in the PIL [ Fig. 5(A) ] as compared with rats that were kept separated [ Fig. 5(B) ]. c-Fos-ir neurons appeared evenly distributed within the PIL. Their distribution overlapped with that of the CB-ir neurons [ Fig.  5(C) ]. In fact, most (86%) c-Fos-ir neurons contained CB [ Fig. 5(D) ]. The number of c-Fos-ir neurons in the PIL section with the largest number of labeled cells was 169 6 14 after social interaction with a familiar female, compared with only 41 6 8 in the separated group; this represents a highly significant increase (P , 0.001). The activation of cells in the PIL was specific; adjacent structures did not show an increase in the number of cFos-ir neurons. In fact, an elevated number of c-Fos-ir neurons was observed in only a relatively small number of brain regions in interacting mothers, including the medial prefrontal cortex and the amygdala.
In response to suckling, a similar number of activated neurons was present in the PIL of mother rats 2 hours after the pups were returned to them [ Fig. 5(E) ], calculated as 161 6 10 (23). The ratio of CB-containing c-Fos-positive cells was 85% of the activated neurons in the PIL of mothers [ Fig. 5(F) ]. Additional brain areas were also activated in mothers (e.g. the medial prefrontal cortex, the lateral septal nucleus, the medial preoptic area, the periaqueductal gray, and the medial paralemniscal nucleus), in agreement with previous literature (37) (38) (39) .
Projections to PIL
We injected the retrograde tracer CTB into the PIL to identify the neurons that project to it and used injections into adjacent regions for comparison [ Fig. 6(A-D) ]. Injections that did not overlap the PIL, including into varying parts and amounts of the substantia nigra, triangular subdivision of the posterior thalamic nucleus, medial lemniscus, and peripeduncular nucleus, resulted in labeling patterns markedly different from those following PIL injections and generally lacked labeling in areas that were labeled by PIL injections. Most cells projecting to the PIL were ipsilateral to the injection side, except for the gracile and cuneate nuclei and the spinal cord, where there was a contralateral dominance.
Inputs from lower brain regions and spinal cord
The spinal cord contained CTB-labeled neurons contralateral to the injection site. These neurons were distributed in Rexed laminae IV to VI throughout the thoracic and lumbar segments that were sectioned. The cells were typically located in laminae IV to V in thoracic segments [ Fig. 6(E) ] and laminae V to VI in lumbar segments [ Fig. 6(F) ]. We rarely found more than 1 labeled cell in a coronal section; on average, every fourth coronal spinal cord section contained a labeled cell. The labeled cells usually had oval perikarya with multiple dendrites [Fig. 6(E and F) ].
In the medulla oblongata, the gracile and cuneate nuclei had the highest density of CTB-containing cells [ Fig. 6(G) ]. The spinal trigeminal nucleus, particularly the deep layers of its ventral portion, also contained a substantial number of labeled cells [ Fig. 6(G) ]. In these nuclei, the CTB-labeled neurons were located contralateral to the injection site. Only a few regions in the upper brainstem contained any CTBpositive neurons. The highest number of labeled cells was in the external cortex of the inferior colliculus [ Fig. 6(H) ], and the lateral parabrachial nucleus, the periaqueductal gray, and the deep layers of the superior colliculus contained a low number.
Inputs from higher brain regions
Within the cerebral cortex, the auditory areas contained a considerable number of retrogradely labeled neurons. The insular cortex and the medial prefrontal cortex contained a few CTBpositive neurons, with the highest density of labeled cells in the infralimbic cortex. Other cortical areas were devoid of CTB signal. Retrograde labeling was also absent from most other forebrain structures. We detected a substantial number of labeled neurons only in the central amygdaloid nucleus, the substantia innominata, and the anterior portion of the lateral septal nucleus. Within the diencephalon, the largest number of labeled cells was within the ventromedial hypothalamic nucleus, particularly in its ventrolateral subdivision [ Fig. 6(H)] . A considerable number of CTB neurons were also located in the lateral preoptic area and the zona incerta.
Discussion
PIL and its afferent neuronal connections
The PIL, defined by the area containing TIP39 neurons in mother rats, includes the posterior intralaminar thalamic nucleus and also the parvicellular subparafascicular nucleus and some parts of the caudal subdivision of the zona incerta (26) . In this brain area, CB-ir neurons were confined to the PIL except for the triangular subdivision of the posterior thalamic nucleus dorsally adjacent to the PIL, which contains CB-ir neurons but not TIP39 neurons. The distribution of CB immunoreactivity in this study was the same as reported previously in the area but was called the parvocellular part of the subparafascicular nucleus (27, 29) . The PIL also corresponds to the posterior intralaminar complex, described as containing CB but not PV in the mouse (28, 30) .
On the basis of the data obtained from injections of retrograde tracer into the PIL, identified by the presence of TIP39 neurons, the PIL receives substantial ascending projections. These include direct projections from the contralateral spinal cord as well as indirect projections via the gracile and cuneate nuclei. The direct projections arise from throughout the thoracic and lumbar segments and mostly from neurons in deep layers of the dorsal horn of the spinal cord. Additional input arrives from the auditory cortex and the external cortex of the inferior colliculus, a nontonotopically organized auditory nucleus with strong input from the auditory cortex and the spinal trigeminal nucleus (40) . In addition, the PIL also receives some descending input from the hypothalamus, particularly from the lateral preoptic area and the ventrolateral subdivision of the ventromedial hypothalamic nucleus. This pattern of PIL afferent connections is similar to that described for neuronal inputs to the parvicellular subparafascicular nucleus in male rats, where the ascending inputs were implicated in the processing of sensory information related to mating and ejaculation (41) . Because the PIL includes the parvicellular subparafascicular nucleus, located ventromedial to the medial geniculate body, our results confirm previous data on the afferent neuronal connections of the PIL and expand the results to mother rats with injection sites verified by TIP39 double labeling.
PIL-PVN neuronal pathway and its characteristics
Tha high number of labeled neurons in the PIL following injection of retrograde tracer into the PVN suggests massive input of PIL neurons to the PVN. This pathway specifically connects the PIL with the PVN as neurons were not labeled outside the PIL. In turn, injections into brain areas adjacent to the PVN did not label the PIL. Several previous studies have sought to identify the neuronal inputs to the PVN. Many of them failed to describe the PIL, even though our labeling pattern following PVN injections was essentially the same as reported previously (15, (42) (43) (44) (45) . We believe that the reasons include the previously poorly defined cyto-and chemoarchitecture of the area, as well as the fact that it is situated at the border of the forebrain and the hindbrain, where some sections can be lost during standard sectioning of the brain for anatomic mapping. Nevertheless, the projection from the PIL to the PVN has been previously shown by using both retrograde and anterograde tracers (46) . In that study, the area projecting to the PVN was called the parvicellular division of the subparafascicular and posterior intralaminar nuclei. Thus, in the current study, we confirmed the existence of this pathway. We also showed that some of the PVN press.endocrine.org/journal/endoprojecting cells contain TIP39. These results are also consistent with previous lesion studies that suggest hypothalamic projections from PIL TIP39 neurons (47) . The current study also showed that the retrogradely labeled neurons have an even distribution within the PIL, further suggesting that the PIL is a topographic unit, even though it does not correspond to an obvious cytoarchitectonically defined nucleus. Retrograde tract-tracing from the PVN also demonstrated that TIP39 neurons constitute a substantial portion of the projection neurons in the PIL. Although TIP39 neurons contain CB, most PVN-projecting TIP39-negative PIL cells are also CB-positive.
The EM study proved that TIP39-containing neurons innervate oxytocin neurons in mother rats. In fact, the average of 2 synaptic connections on the cell body and proxymal dendrites of PVN oxytocin neurons suggests a very robust action of TIP39 neurons on the oxytocin system. Indeed, the receptor for TIP39, the parathyroid hormone 2 receptor, has been previously shown to be particularly abundant in the PVN (48, 49 Although we did not address this in this study, we speculate that PVN-projecting CB-positive but TIP39-negative neurons may also innervate oxytocin neurons, similar to TIP39 cells of the PIL, and also provide an excitatory input. TIP39-positive and TIP39-negative CB cells may be part of the same population, with the expression of TIP39 reflecting the strength of the TIP39-inducing stimulus. However, our results cannot exclude that they are different cell groups, which innervate different neuron populations in the PVN. We firmly established the existence of an excitatory pathway that projects from the PIL to the PVN and that is available to activate oxytocin neurons in lactating and nonlactating rats (Fig. 7) .
Potential functions of PIL-oxytocin neuron connection
The PIL receives ascending inputs, which relay sensory information from the spinal cord. These afferent connections are candidates to convey suckling information from the nipples and the somatosensory components of social contacts to the PIL. Indeed, c-Fos-expressing neurons were described in response to suckling in deep layers of the spinal cord dorsal horn at thoracic and lumbar segments, suggesting that these neurons may relay the suckling information to brain centers (51) . In the current study, the activation of CB neurons in the PIL was demonstrated in a social context. Because the female rats were siblings and grew up together, their encounter in the familiar environment is not likely to evoke stress. press.endocrine.org/journal/endoIndeed, their extensive social interactions after reunion also argues against anxiety-induced activation of PIL CB neurons. Previous c-Fos studies in social context focused on the social interaction of unfamiliar males in a novel environment as an anxiety test (52, 53) . In these circumstances, many brain regions are activated, but an increase in the number of c-Fos-positive cells in the area corresponding to the PIL was not reported. Thus, a role of the PIL-PVN pathway in social interaction-induced oxytocin release (21) is likely, but its involvement in stress-induced oxytocin release (54) cannot be excluded. Nevertheless, our study implicates the PIL in the adult brain social network. Activation of the PIL has been demonstrated in lactating mothers (22, 23, 55) . This study adds that CB neurons of the PIL are activated by pup exposure. The number of c-Fos-containing neurons in the PIL in response to adult social interaction is similar to that seen after suckling in mother rats (23) . The neurons activated by suckling may be the relay cells for the milk ejection reflex previously predicted in the ventroposterior thalamic-peripeduncular area (18) (19) (20) 56) . The similar distribution pattern of c-Fos-positive cells in the PIL after social encounter, as well as the activation of CB neurons following pup exposure in mothers and between familiar adult female conspecifics in a social context, suggests that the same cells may be activated in both conditions. The activation of oxytocin neurons has been described in both situations. In mothers, oxytocin plays a role in milk ejection (57) and in maternal motivation and behavior (3, 4, 58) . In adult social contexts, oxytocin release and receptor activation contribute to social recognition and affiliative behavior (6, 9, 59).
Conclusion
In conclusion, oxytocin neurons may be activated by the input from the PIL in different social situations in response to sensory stimuli from other animals. Thus, the PIL-PVN pathway represents a previously missing link in the understanding of how oxytocin neurons can be activated by neuronal inputs. The pathway may contribute to oxytocin release for milk ejection, maternal motivation, social recognition, and affiliation. 
